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The phase behavior of isolated photoreceptor membrane lipids is further investigated by“P-NMR, in view 
of earlier discrepantresults [(1979) Biochim. Biophys. Acta 558, 330-337; (1982) FEBS Lett. 124, 93-991. 
We present evidence that the discrepancy is due to bivalent cations. When resuspended in aqueous media 
at neutral pH in the absence of bivalent cations, the isolated photoreceptor membrane lipids largely adopt 
the bilayer configuration. However, upon addition of such cations (Ca’+ > Mg’+) or when resuspended 
in their presence, the formation of other phases (hexagonal Hn, lipidic particles) results. The rate of this 
transition depends on cation concentration and temperature. The transition is not easily reversed by 
addition of EDTA. Implications with regard to photoreceptor membrane structure and function need 
further study. 
“P-NMR Cation Photoreceptor membrane Lipid phase behavior 
1. INTRODUCTION 
Several years ago we demonstrated by means of 
31P-NMR and electron microscopy that the photo- 
receptor membrane shows normal bilayer features 
under various conditions, but the isolated mem- 
brane lipids, resuspended under identical condi- 
tions, adopt the hexagonal HII phase together with 
a lamellar phase interspersed with lipidic particles 
(‘inverted micelles’) [ 11. Subsequently, authors in 
[2] confirmed our results with regard to the native 
membrane, but claimed that the isolated lipids also 
prefer the lamellar phase. They suggested that this 
discrepancy with our results might be due to lipid 
oxidation or incomplete extraction of bilayer- 
stabilizing species like PC or PS. Analysis of their 
experimental conditions, however, reveals one 
major difference with ours: all spectra were ob- 
Abbreviations: FID, free induction decay; Mops, 3-(N- 
morpholino)propanesulfonic acid; PE, 3-sn-phosphati- 
dylethanolamine; PC, 3-sn-phosphatidylcholine; PS, 
3-sn-phosphatidylserine; SM, sphingomyelin; ROS, rod 
outer segment 
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tained in media containing bivalent cations, while 
the buffers we used contained physiological con- 
centrations of Ca2+ and Mg2+ (2 and 3 mM, 
respectively). We have now further investigated 
this matter and hereby present results which 
resolve this apparent discrepancy. 
2. MATERIALS AND METHODS 
Bovine rod outer segments (ROS) are isolated by 
sucrose density centrifugation as in [3]. Following 
hypotonic lysis (0.15 mM Ca-EDTA solution, 
pH 7.0; 2x) they yield an A280/A500 ratio of 
2.0-2.2. To obtain lipid extracts free of retinal or 
retinoxime [l] ROS are isolated in the light [3], 
which yields a membrane preparation virtually free 
of retinal and reginol. The SDS-gel pattern, phos- 
pholipid and fatty acid composition are checked 
routinely and found to agree with literature data 
[4,5]. ‘Light’ or ‘dark’ preparations do not show 
significant differences in these respects. 
Total lipid extracts are obtained by a modified 
Folch procedure [4]. All manipulations are per- 
formed under strict nitrogen-protection with Nz- 
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saturated solutions, to minimize oxidative degra- 
dation of the highly unsaturated photoreceptor 
membrane lipids. The final extracts are evaporated 
in a small round-bottom flask by a stream of nitro- 
gen and subsequently dried at high vacuum on a 
rotary evaporator for at least 1 h at room tempera- 
ture to remove the last traces of organic solvent. 
The lipid residue is rehydrated by adding the re- 
quired volume of aqueous medium and some glass 
beads under nitrogen and rotating for 15-30min 
(final lipid concentration: -4O~mol/ml). 
Lipid phosphate (modified Fisko-Subarov [6]) 
and fatty acid (GLC of methyl esters) are assayed 
as in [4]. The phospholipid composition is deter- 
mined both by two-dimensional TLC of the lipid 
extract [4] and by 31P-NMR in detergent solution 
[7]. The latter method allows direct assay of the en- 
tire membrane and therefore does not depend on 
lipid isolation. 
“P-NMR spectra were recorded at 81 MHz, on a 
Bruker WM-200 spectrometer using broad-b and bi- 
level high-power proton decoupling [0.3 W between 
pulses (0.8 s), 3 W during acquisition (0.25 s)]. 
Routinely 2000-3000 FIDs were accumulated 
using 60” pulses, an interpulse time of 0.8 s and a 
16 kHz sweep width. Before Fourier-transforma- 
tion an exponential multiplication was applied to 
the accumulated FIDs, resulting in a 50 Hz line 
broadening. Sample volume was 1.4 ml. 
The following two buffer solutions are used. (A) 
Bivalent cation-free buffer: 20 mM Mops, 0.1 mM 
EDTA (pH 7.2); (B) Mg/Ca buffer: 20 mM Mops, 
130 mM NaCl, 10 mM KCl, 3’mM MgClz, 2 mM 
CaClz, 0.1 mM EDTA (pH 7.2). Both buffers are 
dissolved in H20/D20 (85: 15, v/v). 
3. RESULTS 
Fig.1 presents a typical 31P-NMR spectrum of 
washed ROS membranes, showing a characteristic 
bilayer spectrum [1,2,8]. Small percentages of non- 
bilayer phases (C 1 To) may however go undetected 
in the broad bilayer band. Upon solubilizing the 
membrane in 5% sodium cholate (pH 8.0), iso- 
tropic signals are generated which allows direct 
calculation of the composition of the major mem- 
brane phospholipids [7]. The results compare well 
with analysis of lipid extracts by TLC (table 1). 
Table 1 futher shows that, with regard to phospho- 
lipid and fatty acid composition, our preparations 
A 25’ 
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Fig. 1. “P-NMR spectrum of washed ROS membrane 
suspended in Ca2+ + Mg2+-containing buffer B. In the 
temperature range studied (545’C) the spectra show 
little temperature dependence . Ca2+ (tested up to 
10mM) has no influence on the spectrum. 
are very similar to those analyzed in [2]. 
Total lipid extracts suspended in the Mg2+- 
+Ca2+ containing medium (B) yield spectra as 
shown in fig.2, which present similar features to 
those in [l]: an isotropic component, representing 
a lamellar phase with lipidic particles, superimpos- 
ed on an anisotropic component with properties of 
a bilayer below 15°C and of a hexagonal HII phase 
at temperatures over 15°C. Apparently, these com- 
ponents exchange not at all or only very slowly on 
the NMR time scale microseconds. However, sus- 
pension of total lipid extract in the buffer solution 
without free bivalent cations (A) results in spectra 
as shown in fig.3A, which are very similar to those 
in [2]: predominantly lamellar phase (>85%), with 
only small amounts of isotropic phase. The latter 
may be due to smaller vesicles or a separate in- 
dependent of the temperature between 5 and 55”C, 
except that the isotropic peak becomes sharper at 
higher temperatures (fig.3A). 
This reconciles our earlier results [1] with those 
in [2]. The following experiment shows that the 
presence of cations like Ca2+ or Mg2+ is decisive 
(fig.3B). Upon addition of Ca2+ to a suspension of 
photoreceptor membrane lipids in medium A at 
25”C, no significant effects are observed until the 
total Ca2+ : PS molar ratios of 0.1-0.2. Then the 
suspension becomes more turbid and eventually 
large flaky structures appear. The “P-NMR spec- 
tra show a slow transition to the status observed 
for total lipid extract suspended irectly in solution 
B. The rate of this transition can be considerably 
increased by increasing Ca2+ concentration or by 
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Table 1 
Phospholipida and major fatty acid composition of washed photoreceptor membranes and lipid extracts 
Molar percentage of major 
Reference Lipid origin Molar percentage (*SD) of fatty acid classes 
PE PC PS 16:0 20:4, 22:4 24:4 
18:O 2215, 22~6 24~5 
Here membraneb 43 * 1 38 + 2 19*2 
lipid extractb 41 + 3 40 * 3 14+2 41 52 1.5 
[41 lipid extractC 46.3 t- 1.7 37.8 + 1.6 15.9 * 1.0 42 53 1.2 
[21 lipid extractC 45.7 + 0.2 39.8 + 0.3 14.5 f 0.2 35 56 3.0 
a The sum of PE, PC and PS is set at 100%. Minor amounts of other phospholipids (3-5%) are not taken into account 
bDetermined by “P-NMR of solutions in 5% cholate. Average of 3 experiments 
’ Determined by two-dimensional thin-layer chromatography 
raising the temperature (fig.3B). At 25°C the 
effects become maximal at 5-6 mM Ca2+, corres- 
ponding to a molar ratio of Ca2+ : PS of about 1. 
Very similar effects are obtained with Mg2+ al- 
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Fig.2. “P-NMR spectrum of total ROS lipids, resus- 
pended in Ca2+ + Mg2+ -containing buffer B, as a func- 
tion of temperature. 
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Fig.3. (A) 3LP-NMR spectra of total ROS lipids, resus- 
pended in Ca’+-, Mg’+-free buffer A, as a function of 
temperature. The sharpening of the isotropic peak is due 
to a decrase in rotational correlation time (7) at in- 
creasing temperature. The temperature ffects are rapidly 
and completely reversible without any indication of 
hysteresis. (B) Similar spectra of total ROS lipids resus- 
pended in buffer A, obtained upon addition of CaClz at 
5°C to a final concentration of 2 mM. This corresponds 
here to a molar ratio of Ca2+ :PS of about 1: 3. Starting 
at 5°C spectra were obtained after 1 h accumulation, 
whereupon the sample was warmed up to the next higher 
temperature, equilibrated for 10 min, and the next accu- 
mulation started. The observed effects are not or only 
slowly reversible by addition of excess EGTA. 
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though higher concentrations are required than for 
Ca’+. Na2+ and K+ have no effect. Subsequent in- 
cubation with excess EGTA only very partially 
reverses the calcium effect. Even after prolonged 
incubation (2 weeks) in the presence of EGTA at 
4°C to stabilize the lamellar configuration, the iso- 
tropic phase remains predominant. 
The various manipulations do not significantly 
influence the fatty acid composition of the lipids, 
indicating absence of oxidative degradation. 
4. DISCUSSION 
Evidently, the extracted photoreceptor mem- 
brane lipids do largely adopt the lamellar con- 
figuration when resuspended at physiological pH 
in aqueous solution containing no bivalent cations. 
This confirms the results in [2]. However, addition 
of bivalent cations like Ca2+ or Mg2+ in millimolar 
concentration induces dramatic phase changes 
which proceed rapidly at physiological tempera- 
tures. This confirms our earlier results [l] and 
reconciles those in [1,2]. 
The question remains how this phase change is 
induced on a molecular level. It is well documented 
that in aqueous media at neutral pH unsaturated 
PE prefers the hexagonal phase at physiological 
temperatures, while under these conditions both 
PC and PS only adopt the lamellar phase [S]. To 
generate PE-containing bilayer membranes at tem- 
peratures above its transition to the Hrr phase, an 
equal amount or more of a ‘bilayer-stabilizing’ 
phospholipid like PC or PS has to be incorporated 
[8,9]. Furthermore, there is ample evidence that PS 
has a high affinity for cations (bivalent % mono- 
valent; cf. [lo]). In bilayers of pure PS, cations like 
Mn2+, Ca2+ and Mg2+ induce a strong rigidifica- 
tion [l 11, while in mixtures of PS with other lipids 
(PE or PC) such cations induce a lateral segrega- 
tion (cf. [8,12,13]), leading to two separate lipid 
domains containing largely PS, and largely PE or 
PC. In the case of PWPE mixtures, the PE domain 
then may adopt the hexagonal phase [8]. Mixtures 
of the more saturated major erythrocyte inner- 
monolayer phospholipids (PE,PC,SM,PS) with 
equimolar amounts of cholesterol show a phase 
change from bilayer to hexagonal upon addition of 
Ca2+ [14]. 
Although alternative explanations may be de- 
vised, we consider, in view of the findings sum- 
marized above, the following one the most likely 
for the observed cation effects on the phase be- 
havior of the highly unsaturated photoreceptor 
membrane lipids. In the absence of bivalent 
cations the lipids largely adopt the bilayer configu- 
ration, since the amount of PC and PS together 
(40% + 14%) is sufficient to stabilize a bilayer 
with 47% PE present. However, addition of Ca2+ 
or Mg2+ induces a lateral segregation creating 
separate PS domains, thereby withdrawing PS 
from the delicate equilibrium between PC + PS on 
the one hand and PE on the other. In the rest of 
the bilayer, largely containing PC and PE now, the 
ratio PC : PE is too low to stabilize the bilayer con- 
figuration. As a result, part of the PE will enter the 
hexagonal Hrr phase. The remainder of the PE and 
PC might create a lamellar phase with lipidic par- 
ticles and intermembrane contacts [ 1,8], permit- 
ting rapid equilibrium of the lipids over the two 
bilayer leaflets, which will generate an isotropic 
31P-NMR signal. This process is accelerated by 
raising the temperature, since (1) at temperatures 
below 15°C the lamellar organization is the most 
stable one also for PE, (2) lipid mobility and con- 
sequently the rate of phase separation and phase 
transition increases at higher temperatures. The 
rate of the phase change increases with increasing 
Ca2+ concentration up to a molar ratio of Ca2+ : PS 
of about 1, which indicates that formation of a 
Ca-PS complex is an essential element in the pro- 
cess and may be rate-determining. The fact that the 
transition is not easily reversible has also been 
observed in other systems, such as PWPE mixtures 
[8]. Presently, we are testing the above hypothesis 
by purification of the phospholipid classes to 
recombine them in different ratios and to investi- 
gate cation effects on such systems. 
Our observations have several implications for 
photoreceptor membrane structure and function. 
The Ca2+ content of the disk is relatively high [ 151, 
while intracellular [Mg2’] very likely is in the milli- 
molar range. Hence, irrespective of the transmem- 
brane distribution of phospholipid species, under 
such conditions the extracted lipids would not 
prefer the lamellar configuration observed for the 
intact membrane. This implies that a bilayer- 
stabilizing factor has to be present in the membrane, 
for which the major (>90%) membrane protein 
rhodopsin is a likely candidate. As an intriguing 
consequence, protein-configuration changes or 
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local changes in cation concentration during visual 
excitation might allow functional, and transient 
local changes in lipid organization (e.g., the lipidic 
particles may considerably increase ion perme- 
ability). Such changes, which may effect only a 
small part of the total lipid population and hence 
may easily escape detection, clearly require further 
study. 
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